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Introduction
Reproduction involving gametes probably came into being some 2-2.5 billion years ago, thus about 1 billion years after the Last Universal Common Ancestor (LUCA) appeared on earth. It only occurs in eukaryotic organisms. Up to now, most research aiming at unraveling the primordial cause of sexual differentiation made use of both classical and molecular genetics. It resulted in a vast literature on the genes that direct (gonadal) sex determination in a variety of model organisms (Gilbert, 1994) . A few landmarks: the discovery of the chromosomal difference in humans: 44 + XX in females, 44 + XY in males; ZZ and ZW as sex chromosomes in birds, some reptiles and in the silkworm Bombyx mori; in Drosophila 4A/XX and XO prevails; the signaling sex lethal-transformer-doublesex cascade in (some) insects; the diploid-haploid female-male determining system of honey bees; temperature-dependent sex determination in some insect and other species etc. Next specific sex-determining genes were found. To name some well documented ones, SRY (Berta et al., 1990) in most male mammals but not in Monotremes; the DAX1 antitestis gene, and the FOXL2 transcription factor that in mice governs ovarian development and that inhibits the differentiation into a testis (Uhlenhaut et al., 2009 ). In B. mori with its ZZ-ZW system, a single female-specific small RNA is responsible for primary sex determination (Kiuchi et al., 2014) . This list is not exhaustive.
Not only genes, but hormones as well play a key role in sexual differentiation, in particular androgens and estrogens in vertebrates and ecdysteroids in insects (De Loof, 2006; Hentze et al., 2013; De Loof et al., 2014b) . While the identity of their nuclear receptors becomes ever better documented, the identification of their membrane receptors continues to be quite challenging. There are successes e.g. estrogen plasma membrane receptors alpha and beta (Hirahara et al., 2009; Levin, 2009 ) and some membrane receptors for thyroid hormones. This problematic membrane receptor characterization represents a major reason why the primordial mechanism that operates downstream of the gene level in the cytoplasm remains hidden.
Such diversity in genetic gonadal sex-determining mechanisms gives the impression that sex was invented more than once in evolution. That is highly unlikely, if not impossible. It is more probable that all contemporary sexually reproducing species inherited the evolutionarily very well conserved principles of oogenesis, spermatogenesis, egg maturation and fertilization from a common ancestor. Chromosomes and genes do not exert any activity by themselves. A gene is nothing else than a recipe page in the genomic cookbook that contains the information for preparing a specific protein dish. A gene gets a meaning only when the information it contains is read and used in the cell's kitchen, thus mainly in the cytoplasm.
In this paper it will be argued that female-male sexual differentiation may simply be one of the many aspects of differential Ca 2+ -homeostasis. Although the underlying principle is simple, not to say almost self-evident, its deduction requires that several classical concepts that are relevant for the Calcigender paradigm first need some revision and an upgrade. They are situated in cell physiology and in reproductive-or evolutionary biology. Because they feature in common textbooks, students, against their better judgment, probably assume them to be correct. Two new terms will be introduced: ''Calcigender'' and ''sexual physiotype''. In analogy with the definition of ''genotype'' in the Medical Dictionary, ''physiotype'' is denoted as the way of physiological functioning of a cell, an organism or an individual, usually with reference to a specific function under consideration. In the context of this paper, this function is generating sex/gender specificity. The term ''gender'' is broader than ''biological sex'' because it also takes into account (social) behavioral aspects.
The problem
The sex steroids that govern sexual differentiation (estrogens and androgens in vertebrates; ecdysteroids in insects) are not sex/gender specific. They are both present in males and females but their relative concentrations differ. This leads to the logical deduction that there should exist a receptor-type that is present in each cell that can handle a balance of sex-determining hormones in a cell/tissue specific way. This receptor type should also accommodate the lipophilic nature of the sex (steroid) hormones as well the fact that it must be evolutionarily very ancient and also very well conserved in evolution. It should also contribute to a better understanding of the mechanism that insures that each individual cell of a sexually reproducing non-hermaphroditic organism has either a female-or a male physiotype, despite the fact that males and females have a nearly identical genome. Finally, the receptor properties should be compatible with the observations that some effects of sex steroids are non-genomic and so fast that they cannot result from the mode of action of a transcription factor. How would we find such a receptor type and its mode of action?
The approach
First, we should humbly admit that nearly all approaches that have been used in the past to pinpoint the principle that in all sexually reproducing species males and females differ from each other in all their constituting cells continue to remain inconclusive. Something is missing, but what? Could it be something so obvious that it has been completely overlooked because it is too self-evident? Upon recalling that not only transcription factors but inorganic ions as well are known to play an important role in control of gene expression (De Loof, 1986 De Loof et al., 1992 ) the question was asked whether, perhaps, the activity of some inorganic ion(s) might represent the missing link between genes/transcription factors operating in the nucleus and proteins and other organic macromolecules operating in the cytoplasm. I placed myself in the shoes of an imaginary outsider, a mineralogist and asked him/her: Is there any inorganic ion(s) that could do such a job?
4. The imaginary mineralogist: biologists: are you blind?
4.1. Ca 2+ -gradients and Ca 2+ -extrusion
If a mineralogist, unprejudiced about any theory dealing with the genetics of gonadal sex determination, would be asked to analyze the difference between female and male animals with his specific toolkit for mineral analysis, he/she will probably come to the conclusion that there is a huge sex-related difference in Ca 2+ extrusion from the body. It does not take any analysis to see that female birds extrude lots of Ca 2+ in their egg shells and embryos (Fig. 1A , B
and C), while males give the impression not to extrude substantial amounts of Ca 2+ (Fig. 1F and G) .
Not only the egg shell but the Ca 2+ -content of eggs in general is also very high. In chicken eggs it amounts to at least 50 mg/100 g (=2.5 mM) (Wikipedia: Egg (food), 2014) (Wuytack et al., 2003) (Fig. 1D) . Orrenius et al. (2003) suggested an extracellular concentration of about 1.3 mM as an average value ( Fig. 2A ). All these concentrations should be compared to the very low [Ca 2+ ]i of approximately 100 nM in the cytosol of most unstimulated cells ( Fig. 2A ).
The transmembrane Ca

2+
-gradient is neither negligible nor unimportant but truly huge An example may help to become fully aware what a Ca 2+ -gradient 100 nM in the cytosol versus mM concentrations in the extracellular fluid actually mean. Imagine that you are microscopically small and that you reside in the cytosol of a mammary gland cell. You would experience a local [Ca 2+ ]i of about 100 nM. Outside the plasma membrane of the cell, the milk liquid would contain about 50 mM Ca
. Translated into normal human dimensions this would mean that if you are 1.7 m tall, and stand on the bottom of a canyon in a limestone landscape, the walls of that canyon would be approximately 85 km high. In the case the walls of the canyon are not rigidly fixed, lime dust would fall down all the time. If you would not incessantly shovel away the incoming dust, you would be dead in a very short time. A similar situation prevails in cells: the plasma membrane is, depending upon the cell type and the extracellular conditions, invariably slightly permeable to Ca 2+ ions. For billions of years the Ca 2+ -concentration in the watery extracellular environment of cells has been much higher than in the cytosol. This means that all cells, no matter their habitat, had to extrude Ca 2+ from the cytoplasm for a very long time. It also means that the system has been shaped to near perfection to enable this. It also explains why the Ca
-homeostasis system of all eukaryotes is so well conserved in evolution. The basic principles have remained unchanged, but mutations affecting some details of the system resulted in cell type-dependent developmental variability and specificity. (Yang et al., 2013) (Fig. 2A) . In some cell types this suffices for reaching Ca
-equilibrium. A major problem arises whenever the influx of Ca 2+ exceeds the pumping capacity of the PMCAs. In the course of evolution, some rescue mechanisms have been developed. One such system, namely the rough endoplasmic reticulum (RER) has been very much overlooked because all focus has been and still is on another major function, namely protein synthesis for secretion. This will be outlined in Section 5.2.2.
The key question: is Ca
2+
-homeostasis sex/gender-specific?
Formulated in a slightly different way, the question reads: Is, perhaps, sexual differentiation simply one of the many aspects of differential Ca 2+ -homeostasis in which systematically a situation is generated in which most cells of the (reproducing) female body experience, under the influence of specific hormone balances, a somewhat higher passive influx of Ca 2+ than male cells? Is the higher Ca 2+ -extrusion by females simply the death-avoiding counter-reaction to this increased influx?
Constructing the Calcigender paradigm: introductory considerations
Why do females and males expel gametes from their body? This is a most hostile act from the viewpoint of gametes. The likely answer almost everybody will give is: If they would not do so, there would be no progeny. That would be the inglorious physical end of the individual. Indeed, absence of any progeny means no evolutionary success. But if one continues asking questions such as: how does the gonadal system and in particular its constituting cells ''know'' that there will be no fitness-success if they do not expel the gametes?, it becomes clear that the given answer is inconclusive. Indeed, they have no means for anticipating. The next question will cause even more disarray: Could it be that animals expel their gametes because this is their ultimate means to get rid of a toxic substance from some tissues in their body, namely Ca
The toxicity of intracellular Ca 2+ is usually not emphasized at all in cell biology. To the contrary, most people consider Ca 2+ as beneficial because they see the advantages of large deposits of Ca 2+ at the organismal level ( Fig. 1 ) and of Ca 2+ as secondary messenger at the cellular level. Yet, the truth is that Ca 2+ is the most omnipresent toxin on earth, invisible to the macroscopic observer. This implies that relying upon intuition based upon macroscopic observations only, will likely yield erroneous interpretations. Next some generally accepted textbook concepts are listed that need a substantial revision and/or upgrade in order to bypass pitfalls and misinterpretations with respect to gender-specificity.
Do not mistake result for cause in thinking on evo-devo
This is the key message to keep in mind throughout this paper. Biologists know that there is no goal in evolution. Mutations happen. If beneficial for fitness, they may be conserved, but if not, they are doomed to disappear sooner or later. Yet, textbooks and research papers are full with teleological explanations that mistake result for cause. If one is not very cautious, one easily falls into the trap of easy speak. For example: the calcareous egg shell of birds came into being ''because it would protect the egg'' or/and ''to serve as a source for the formation of the skeleton of the embryo'' (Stewart et al., 2009a,b) ; yolk was ''invented'' to store in advance a food reserve for the developing embryo; milk is produced to serve as food source for the newborn young of mammals; males produce seminal fluid for the transport of spermatozoa, and so forth. Even Darwin (1859) mistook result for cause in his ''On the Origin of Species by means of Natural Selection''. Indeed, selection is itself the result of preceding problem-solving activity which is the genuine, universal driving force of evolution (De Loof, 2002 .
All these goal-oriented explanations sound very logical but they are wrong. In some of the cited examples, the primary cause was an increased influx of Ca 2+ in a given tissue, e.g. in the mammary gland tissue, under the influence of a changed hormonal balance, in particular by the drop in progesterone, low levels of estrogens (high levels inhibit milk production), and by the increased activity of the multifunctional calcium regulating hormone prolactin (Bole-Feysot et al., 1998; Dorkkam et al., 2013 Textbooks on cell biology explain very well the way the RER functions in the production of proteins for export out of the cell (secretion). Yet, they usually keep silent about the question why did such a complex system, with an at first sight altruistic function come into being along with the appearance on earth of the eukaryotic cell type? Prokaryotes do not have internal membrane systems: no ER, no nuclear envelope, no membrane-limited cell organelles. These structures came into being when several prokaryotes engaged in a symbiotic way of living together according to the symbiotic theory of Margulis (1981) . As there are no fossil data on the successive steps in this event, one can only make plausible guesses based upon the principles of contemporary cell physiology.
My guess is that the much larger surface of the eukaryotic cell as compared to that of prokaryotes disturbed Ca -gradient ( Fig. 2A and B) than the plasma membrane Ca 2+ -pumps (mainly the PMCAs) ( Fig. 2A) could counter. Hence an additional system had to be created: the endoplasmic reticulum with two key variants, the smooth ER (SER) and the rough ER (RER), containing a Ca 2+ -ATPase (SERCA pump) that differs in a few amino acids only from the PMCA type (Guarini et al., 2000) . This means that both PMCAs (=the probable ancestral type) and the SERCAs (=a younger mutant) share a common origin and some properties. The plasma membrane, the SER, RER, Golgi and the outer membrane of the nuclear envelope form a continuum (Lavoie et al., 2011) . This means that when a lipophilic ligand enters the plasma membrane, it will (quickly) diffuse throughout all cited membrane systems of any cell (Fig. 2C) ] can rise to several hundreds micromol or even higher (Alonso et al., 1998; Orrenius et al., 2003 . Apparently the vesicles which are pinched off from the cis-trans RER for secreting proteins into the extracellular space do not have the right membrane composition for enabling fusion with the plasma membrane. This suggests that in the Golgi system vesicles are produced with membrane properties different from those of the RER. Pinton et al. (1998) reported that that the Golgi apparatus is an inositol 1,4,5-triphosphate-sensitive Ca 2+ store, with functional properties distinct from those of the ER. Wuytack et al. (2003) found that the Golgi apparatus present in the lactating mammary gland cells contains a special type Ca
2+
-ATPase, namely a P-type diacylglyceride. This figure was kindly provided by Prof. S. Orrenius. It served as the template for a figure in ' 'Orrenius et al. (2003) , Nature Reviews of Cell Biology 4, 552-556. It has already been used in a previous paper by De Loof et al. (2014a) . With copyright permission for both the figure and the legend from the publisher and from Orrenius. (B) An impression of the Ca 2+ gradients that can exist over the different membrane systems of cells. The trans-plasmamembrane gradient is usually high to very high. The [Ca 2+ ] in the cytosol of cells in unstimulated (resting) conditions is always very low, in the order of 100 nM. Orrenius et al. (2003) use the value of 1.3 mM as a rough generalized estimate for [Ca 2+ ] in the extracellular fluid. This corresponds to a 13,000-fold gradient. In milk (50 mM Ca 2+ !), this gradient is drastically higher. The [Ca 2+ ] inside the lumina of the SER and RER is in the order of a few hundreds micromol (Alonso et al., 1998 ) to a few mmol (Orrenius et al., 2003) . In this paper it is argued that the RER not only secretes proteins (P), but Ca 2+ as well, and that this might represent its evolutionarily ancient, primordial function. (C) The mode of action of steroid hormones. In the early model by Karlson and Sekeris (1966) , a steroid hormone, upon being delivered at the plasma membrane, can pass through this membrane ''unhindered''. Next it travels through the cytoplasm into nucleus where it will influence gene expression. In the ''Inbrome'' model of De Loof et al. (2014a) a lipophilic hormonal ligand, upon being delivered to the plasma membrane, will insert itself in the lipid bilayer of the plasma membrane. Because the plasma membrane, the SER, RER, Golgi and the outer membrane layer of the nuclear envelope form a continuum, the ligands will readily diffuse throughout the cell. If any of these membrane system harbors a receptor site for a given lipophilic ligand, receptor (in)activation can eventually take place. In this paper, it is argued that the SERCA-type Ca 2+ -pump harbors such an overlooked receptor site. D1-D3. -transport ATPase is the primary pump responsible for supplementing the milk with a high (up to 60-100 mM) Ca 2+ concentration. This pump is thought to be more related to the putative ancestral Ca 2+ pump than the SERCA. It is not sensitive to the sesquiterpenoid toxin thapsigargin indicating that, unlike (some isoforms of) SERCA it is not sesquiterpenoid (farnesol)-dependent for being active (De Loof et al., 2014a) . Furthermore, subcompartments of the ER-Golgi complex that endogenously express SPCA1 are insensitive to agonists that produce inositol triphosphate (Vanoevelen et al., 2004) . This pump has only one binding site for Ca 2+ , while SERCAs have two. Wuytack et al. (2003) thought that this pump supplies the Golgi system, and possibly other more distal compartments of the protein secretory pathway as well, with the Ca 2+ and Mn 2+ necessary for the production and processing of secretory proteins. I think that the opposite situation prevails, namely that the proteins adducted through the lumen of the RER are necessary to pack excess Ca 2+ into vesicles in such a way that it can be extruded from the cell. I also think that the secretory vesicles have a membrane that is quite impermeable to Ca 2+ , this to ensure that in the last steps before fusing with the plasma membrane Ca 2+ would leak back into the cytosol. This system of Ca 2+ -protein cotransport which is very much exaggerated in mammary gland cells, likely operates in all protein secreting cells of all eukaryotes.
Ca
Is the nucleus ionically compartmentalized?
A fundamental question in cell biology that is only partially answered reads: Is the nuclear envelope with its large pores easily permeable to all inorganic ions present in the cytoplasm, or is the nucleus during particular periods of cellular development a closed compartment that can control its own ionic environment (Mazzanti et al., 2001; Matzke et al., 2010) , its Ca 2+ concentration inclusive ( Fig. 2D1-D3 )? Only very few cell types lend themselves for such research because the nucleus of most cell types is too small for surviving the penetration of the tip of a glass electrode. Hence the literature on this topic is limited and, in particular in the early days of this type of research mostly restricted to cells with giant nuclei. Already in 1963 Loewenstein and Kanno, using classical microelectrode electrophysiological methods, provided evidence that a potential difference of about 15 mV exists over the nuclear envelope of the giant nuclei of salivary gland cells of the dipteran insect Drosophila flavorepleta, both in situ and in isolated nuclei. The nucleoplasm was at negative potential with respect to the cytoplasm. Later Ito and Loewenstein (1965) reported that in the midge Chironomus thummi, the permeability of the nuclear envelope of salivary gland cells changes during development. Following the early fourth instar stage its permeability falls to about one-fifth of its base value over a period of 3-5 days, and then rises again over the next 2-4 days. Remarkably, the falling phase of the change could be reproduced within 1 h by injections of the steroid hormone ecdysone. One year later Kroeger (1966) reported that in the same insect species supplementing the incubation medium with ecdysone made the potential difference over the plasma membrane increase by an average of 10 mV within 15 min. In Xenopus laevis oocytes Shahin et al. (2005) and Kastrup et al. (2006) showed that within minutes after injection of dexamethasone, a molecule that binds to glucocorticoid receptors caused nuclear pore complexes to dilate thereby causing a nuclear envelope barrier leak.
This means that changes in gene expression under the influence of a steroid hormone are not necessarily all (solely) due to the effect of steroid hormone receptors residing inside the nucleus. Changes in the cytoplasmic inorganic ion balance can also be causal as was already demonstrated long ago by pioneering research on the mechanism of puff induction in giant chromosomes of dipteran insects (Kroeger, 1966; additional references in De Loof et al., 2014a) . In the Kroeger and colleagues era (1960-1975) is not a major contributor to the potential difference over the plasma membrane, the main research focus of electrophysiologists at that time. Bustamante et al. (2000) analyzed how Ca 2+ and IP3 waves convert the nuclear envelope into an effective Ca 2+ barrier and, consequently, affect the regulation of gene activity and expression through their feedback on macromolecular transport and NPC channel gating. [Ca 2+ ]NE regulation by intracellular messengers is, according to Bustamante et al. (2000) , and Bustamante (2006) an effective mechanism for synchronizing gene activity and expression to the cellular rhythm. An indirect argument in favor of the existence of a nucleus-specific Ca 2+ -homeostasis system that is subject to control comes from the genome-wide identification of calcium-response factor (CaRF) binding sites and Ca 2+ -dependent transcription factor(s). According to Pfenning et al. (2010) CaRF was first identified as a transcription factor based on its affinity for a neuronal-selective calciumresponse element (CaRE1) in the gene encoding Brain-Derived Neurotrophic Factor (BDNF). CaRF shares no homology with other transcription factors that total to over 1000 in Homo. The DNA binding of CaRF has been highly conserved across evolution, and it binds to DNA directly in a sequence-specific manner in the absence of other eukaryotic cofactors. The authors identified a high-affinity consensus CaRF-specific element. Next they identified 176 sites of CaRF-specific binding (peaks) in neuronal genomic DNA. In my opinion there is no reason to assume that this system only occurs in neurons. Very recently Fedorenko and Marchenko (2014) studied the ion channels in the nuclear membrane of hippocampal neurons using the patch clamp technique. They discovered that nuclei in dentate gyrus granula express a single ryanodine receptor (RyR). Nuclei of the hippocampal neurons also expressed a variety of spontaneously active cation and anion channels. One of their conclusions was that the nuclear envelope of these neurons is specialized to release Ca 2+ into the nucleoplasm and therefore represents an ]. Novel experimental methods (Levin, 2012) and theoretical approaches (Andreev, 2013) that are being developed will increase our insight into nuclear Ca 2+ -homeostasis. ] will temporarily lift the inhibition. This way the appearance of steroid hormone peaks can be explained (De Loof et al., 2014b It is indeed a different mechanism. The synthesis and deposition of yolk protein precursors, the vitellogenins hold the key. On theoretical grounds, one would expect that the synthesis of vitellogenins would take place in the oocyte itself, because that would be the simplest and most energy-consumption friendly way. In that case, the Ca 2+ -concentration inside oocytes would be similar to that of all cells, namely around 100 nM. This is not the case. This at first sight unusual way of vitellogenin synthesis and deposition was described for the first time in insects, namely in the moth Hyalophora cecropia, by Telfer (1961) . He showed that the yolk proteins present in the oocyte are taken up from the hemolymph by the growing oocyte by a process named pinocytosis (=drinking of the cell) which involves massive invagination of the oolemma, followed by pinching off vesicles which subsequently fuse with one another. In short: under the influence of female sex-hormones (ecdysteroids in insects and estrogens in vertebrates) the fat body (in insects) and the liver (in vertebrates) are stimulated to produce specific proteins which belong to the family of agglutinins (Stynen and De Loof, 1982; Covens et al., 1988; De Loof et al., 1998) . Agglutinins and their functional counterpart in plants, the lectins, are sugar-binding proteins. They are ancient proteins of the immune system. The physiological logic underlying the view that vitellogenesis is based upon a cellular defense reaction, has been outlined before by De Loof et al. (1998) . Apparently, the oocyte expresses in its oolemma as part of a vitellogenin-membrane receptor a specific sugar that is typical for microbial foreign invaders. Exposing such epitope elicits immune defense reactions. When the vitellogenin binds to the membrane receptor, endocytosis/pinocytosis is initiated and the vitellogenins enter the oocyte encapsulated in a membrane. Later, the nascent small vesicle will fuse and form bigger yolk granules. In egg laying vertebrates, this system of yolk formation is very similar.
This remarkable, not to say illogical system is in origin probably due to the fact that very early in development, mitochondria present in the polar plasm of the young egg release RNA and a protein with a specific function (Kobayashi et al., 1993; . In Drosophila, the best studied model in this respect (Gilbert, 1994) they make that the single nucleus that enters the polar plasm region and that gets encapsulated by a plasma membrane loses its ability to become part of the developing blastular epithelium; its descendants will remain solitary cells. This means that the primordial germ cells become immunologically alien, and will be fought against during their whole lifetime by the somatoplasm. This ''the body fights its own germ cell line'' idea dates back to the germ plasm theory of August Weismann (1834 Weismann ( -1914 . However it is only in recent decades that the biochemical tools became available to substantiate this idea (De Loof et al., 1998 -induced apoptosis (Orrenius et al., 2003) . The duration of a few dozens of heartbeats is probably a more or less good indicator for the duration of the temporary increase in cytosolic Ca 2+ a cell can stand without being damaged.
( -extrusion that acts at the organismal level (Section 8.1).
The complexity of Ca
2+ -homeostasis system
The literature on this topic is huge, and will not be summarized here. For a concise summary, see De Loof et al. (2014a) . Only the key figure ( Fig. 2A) is repeated, with the kind permission of the original author Prof. S Orrenius (Sweden), with a few minor modifications. These modifications (the red dot and the green polygones) intend to emphasize that the activity and gene expression of at least some isoforms of the Ca 2+ -ATPases in the different membrane systems of cells (plasma membrane, RER, SER) are subject to regulation by lipophilic signaling substances such as endogenous sesquiterpenoids (e.g. farnesol: De Loof et al., 2014a) and hormones (e.g. steroid hormones: Strehler and Zacharias, 2001; Bhargava et al., 2000) . The same probably holds true for some types of Ca 2+ -channels (this paper). The focus of this paper is on the possible role of the variety of red dots and green polygons that can influence Ca 2+ -homeostasis in a gender-specific way. -ATPases present in the plasma membrane (PMCAs) and in the sarco(endo)plasmic reticulum (SERCA pumps) (Strehler and Treiman, 2004 -channels which reside in the plasma membrane are constitutively active, others are gated by changes in the transmembrane voltage gradient, by temperature-or by a variety of ligands. There are also store-operated channels that sense (changes in) cytoplasmic Ca 2+ -concentrations, or that are receptor-operated. In the recent decade, the fastest growing family of channels is the TRP family (Transient Receptor Potential family) (Gees et al., 2012) .
The best known Ca 2+ -channel present in the smooth endoplasmic reticulum of animal cells is the ryanodine receptor (RyR family). It gates when there is local rise in cytosolic [Ca 2+ ] with an efflux of Ca 2+ from the lumen of the SER as a result. In its turn, this facilitates CICR. As cited before, Fedorenko and Marchenko (2014) discovered that nuclei in dentate gyrus granula express a single ryanodine receptor (RyR), and that nuclei of the hippocampal neurons also express a variety of spontaneously active cation and anion channels.
Channel gating. TRPVs of special interest because of their responsiveness to estrogens?
The properties of the different members of very versatile Transient Receptor Potential (TRP) cation channel forming protein superfamily have been summarized by Gees et al. (2012) . In mammals, 28 different TRP channels, subdivided into six subfamilies have been identified. Relative permeability to Ca 2+ compared to Na + , of special interest to the Calcigender paradigm, ranges from >100 for TRPV5 and TRPV6 to nearly 0 for TRPM4 and TRPM5. TRPM4 is directly activated by intracellular Ca
2+
, and is along with TRPM5 the prime molecular candidate for the endogenous calcium-activated cation channels found in many cell types. TRPP1 can function as a possible intracellular Ca 2+ release channel in the ER (CICR mechanism) (Gees et al., 2012) . TRPC5 channels can act as non-genomic steroid sensors (Majeed et al., 2011) . The gating mechanisms of TRPs are very diverse. In the context of this paper, steroid hormone-sensitive channels are interesting. Nijenhuis et al. (2005) reported that TRPV(anilloid)5 and TRPV(anilloid)6 are highly selective for Ca 2+ ions and that they are responsible for the critical Ca 2+ -entry step in transcellular Ca 2+ (re)absorption in intestine and kidney, respectively. In some vertebrates TRPV5 and TRPV6 came into being as the result of ancestral gene duplication. In fish and birds the ancestral TRPV gene was not duplicated meaning that they only express the TRPV6 coding gene. Inactivation of TRPV5 in mice leads to severe hypercalciuria. Mensenkamp et al. (2007) and Imaten et al. (2008 Imaten et al. ( , 2009 ) pointed to the rapid effects of 17beta-estradiol on TRPV6 epithelial channels in human T84 colonic cells and on TRPV5 epithelial Ca 2+ channels in rat renal cells respectively. TRPV5 expression is stimulated by estrogens (Gees et al., 2012) . Peng (2011) reported that in humans TRPV6 is more widely distributed than TRPV5 which mainly occurs in the kidneys. TRPV6 in present in a variety of tissues such as esophagus, stomach, small intestine, colon, kidney, placenta, pancreas, prostate, uterus, salivary gland and sweat gland. TRPV5 and TRPV6 are robustly responsive to the steroid hormone Vit D(3). To my knowledge, no data on other steroid hormones were reported. In the context of the Calcigender paradigm, the role of the TRPV5/6 Ca 2+ -channel type seems to be worth being explored in depth.
This multitude of dynamic players means that all cell types of the body have their own specific Ca 2+ -homeostasis system that responds to a variety of chemical and physical triggers. It provides tissue-and developmental specificity. Yet, despite this huge intercellular variability, all cells of the body react in a coordinated way to changes in sex steroids, juvenile hormone etc. This means that somewhere in the cells a common receptor(s) should be present that contributes to the coordination.
Hormone-dependent gender-specific Ca
2+
-extrusion from the body
A two-level control system, cellular and organismal
One should keep in mind that the basic mechanism in the Calcigender paradigm enables females to extrude more Ca 2+ from their body through reproduction-related tissues than males. Before it can be extruded, food-derived Ca 2+ must first enter the cells. Subsequent extrusion into the blood stream of animals cannot be a major mechanism because a high Ca 2+ concentration in the blood poses a problem by itself. The extrusion must be literally out of the body. Upon translation into endocrine terminology, the question reads: Which hormones and which receptors enable such gender-related differential Ca 2+ -influx into cells and its subsequent extrusion? First, there is a system that regulates the Ca 2+ -concentration in the cytosol of cells and that is based upon principles that are common to all eukaryotic cells ( Fig. 2A) . Second, depending upon the architecture of multicellular organisms, there may be an additional system at the organismal level, namely the one that controls [Ca 2+ ] in extracellular compartments, in particular in the blood of animals. In higher vertebrates, the two hormones that control [Ca 2+ ] in the blood are the polypeptides calcitonin and parathormone. Calcitonin is secreted by the thyroid gland. It lowers [Ca 2+ ] in the blood in several ways. In humans it may also affect the ovaries and testes (Wikipedia: Parathormone). Parathormone acts antagonistically. It is secreted by the parathyroidea. Insects have a diuretic peptide that is calcitonin-like (Brugge et al., 2008) . A GPCR coding for a parathyroid hormone receptor-like protein has recently been reported in a planthopper (Tanaka et al., 2014) . Ca 2+ -extrusion through the alimentary canal and urinary system as well as Ca 2+ homeostasis in the bony skeleton of vertebrates as governed by calcitonin and parathormone do not seem to be truly sex-specific. There can be some quantitative differences. Thus these hormones are not of prime importance in bringing about sex-specific physiotypes. Neither is prolactin, although this protein hormone plays a key role in Ca
2+
-extrusion through the mammary glands of mammals. The reasons are that it occurs in both males and female mammals and that it has no counterpart(s) in invertebrates. If there are sex-specific differences in Ca 2+ -extrusion via reproduction-related tissues and cells, a role of sex hormones, in particular sex steroids may be envisaged. In order to be of general importance, the mechanism should be universally valid in both deuterostomes and protostomes.
Which steroid-and sesquiterpenoid hormones and their receptors are involved?
Indirect evidence for the existence of hormone-responsive membrane receptors came from electrophysiological data. The first recordings date from about half a century ago. Gimeno et al. (1963) reported that estradiol, testosterone and progesterone produced characteristic changes in membrane potentials of rat atria. A few years later, Oshima and Gorbman (1968) reported modification of the spontaneous and evoked bulbar electrical activity in goldfish by sex hormones. In the same year Bauman (1968) reported that some the farnesol-like compounds that were active in bioassays that detect juvenile hormone activity (e.g. cuticular effects) such as the Galleria mellonella bioassay, also elicited changes in membrane permeability and transmembrane potential difference (depolarization) of salivary gland cells of this insect species. The effects were visible within minutes after the administration of the active compounds. Later, Telfer (1980) reported very fast (within seconds!) electrical membrane effects of JH on ovarioles of the cecropia moth. They seemed to involve a Ca 2+ -current (Jaffe and Woodruff, 1979; Telfer and Woodruff, 2002; Telfer, 2009) . To my knowledge, the few thousands of synthetic JH-analogs that have been synthesized during recent decades (Slama, 2013) have never been tested for effects on the electrical properties of membranes. Nevertheless if they were tested, the results were not published. From the 1970ties on, a large number of additional papers have been published on non-genomic effects of steroid hormones. For example, it became apparent that vertebrate steroids cause (rapid) changes in electrical properties of the plasma membrane in some cell types of vertebrates (Refs. in Pietras et al., 2001; Boonyaratanakomkit and Edwards, 2007) . Later, other non-genomic effects became also known, e.g. on the cytoskeleton (De Loof et al., 1996) , on behavior and on Ca 2+ -metabolism. However, despite all efforts to identify them by classical biochemical approaches, the picture of the nature of membrane receptors of steroid hormones as well as their localization in different tissues remains rather inconclusive. -homeostasis system. According to Strehler and Zacharias (2001) , there were (in 2001) no specific pharmacological inhibitors (in particular toxins of biological origin) for any of the plasma membrane Ca 2+ -ATPases of (PMCA) isoforms or splice variants. Fig. 3 . Schematic representation of the biosynthetic pathway of juvenile hormone, along with the cause of the inability of arthropods and nematodes to synthesize cholesterol by themselves (modified after De Loof et al., 2014a). The two key insect hormones, juvenile hormone (JH) and ecdysteroids are products of biosynthetic pathway of cholesterol, be it in an evolutionarily ''interrupted way''. A commonly held view is that a distant ancestor of arthropods and nematodes lost the gene coding for the enzyme squalene synthase, but retained the early steps in the biosynthesis of farnesyl-pyrophosphate (=farnesyl-diphosphate = farnesyl-PP) and farnesol, as well as the enzymes needed for transforming cholesterol into (ecdy)steroids. An emerging novel view (this paper) argues that this ancestor never had all enzymes for synthesizing cholesterol but that cholesterol biosynthesis was an evolutionarily later development in some animals. Whatever explanation is right, perhaps to get rid of an excess of farnesyl-PP and farnesol in the only tissue of the larval body that continued to express the genes coding for the ''early enzymes'', namely the corpus allatum (corpora allata if the gland is paired) the ancestor apparently made an ester(s) out of farnesol. -gradient for all cells.
SERCAs: thapsigargin and farnesol-like endogenous sesquiterpenoids (FLS)
In contrast to PMCA-type Ca 2+ -pumps, some types/isoforms of SERCAs can be blocked by the well known plant toxin thapsigargin. In the literature hardly any attention has been given to the fact that thapsigargin is a sesquiterpenoid. Farnesyl-PP, the cholesterol-precursor of vertebrates (Fig. 3) is also a sesquiterpenoid. Likewise the JHs of insects are esters of farnesol, thus also sesquiterpenoids. Absence of JH mimics the effects of thapsigargin, suggesting that in insects thapsigargin overrules the effect of JH. This could be realized by displacing endogenous JH from its binding site on the thapsigargin-sensitive isoforms of SERCAs. It also shows that endogenous farnesol(esters) are needed for keeping the SERCApumps pumping Ca 2+ into the (R)ER-lumen. This is most important. Indeed it suggests that FLSs represent an additional level of control of Ca 2+ -homeostasis. It probably explains why arthropods and nematodes (=Ecdysozoa), animals that do not need farnesol as a precursor in cholesterol biosynthesis, nevertheless retained the coding genes for synthesizing farnesol-like sesquiterpenoids during hundreds of millions of years of evolution (Kurzchalia and Ward, 2003; Bellés et al., 2005; Vinci et al., 2008) . Apparently, FLSs have another function than being needed for biosynthesizing cholesterol.
9. Farnesol: an overlooked key endogenous ligand for the SERCA pump?
In the Calcigender paradigm a prominent role is attributed to farnesol/FLS but I am aware of the fact that farnesol is probably ''a notorious unknown'' to many biochemists, cell biologists and even endocrinologists, with resulting questions such as: ''farnesol who?'' or ''farnesol what?''. The main reasons are that farnesol/ FLS has never been identified as a hormone in vertebrates, and that it was assumed that by itself it has no particular function, other than acting as one of the precursors of cholesterol, in addition to a role in prenylation.
The people who are most familiar with this sesquiterpenoid are either active in the perfume manufacturing industry, in insect physiology and endocrinology, and in quorum sensing in the yeast Candida albicans (Hall et al., 2011) .
Farnesol in the perfume industry
Farnesol extracted from some plants, in particular from the Farnese acacia tree, is used as an enhancer for the smell of some volatiles present in perfumes (Wikipedia: Farnesol) . Odorant compounds in general can influence the gating of some types of Ca 2+ -channels, some TRP-channels in particular (Gees et al., 2012) .
The biosynthetic pathway of farnesyl-pyrophosphate (=farnesyl-diphosphate) and farnesol
In Fig. 3 the biosynthetic pathway of farnesol, cholesterol and steroid hormones in vertebrates and invertebrates is schematically represented. The current view is that long ago in evolution arthropods and nematodes (=Ecdysozoa or animals that molt) lost the gene coding for the enzyme squalene synthase (Bellés et al., 2005) . As a result, they cannot synthesize cholesterol, the precursor of steroids in vertebrates. They have to ingest it as a vitamin along with their food. The fact that Ecdysozoa retained the genes/enzymes for synthesizing farnesol during hundreds of millions of years as well as the ubiquitous presence of farnesol (esters) in all animals, fungi and plants, sometimes in high concentrations, indicates that this molecule is not just an unimportant metabolite. To the contrary, it may be the completely overlooked ''universal fountain of youth'' that achieves its juvenilizing effect (in insects at least) by assuring that the Ca 2+ -ATPases pump enough Ca 2+ out of the cell in order to keep [Ca 2+ ]i low (De Loof et al., 2014a) . Plants and fungi do not synthesize cholesterol. Yet, they do have the whole metabolic machinery for biosynthesizing FLSs. They also synthesize their specific steroids, thereby using a different pathway(s) than vertebrates do. Contrary to the former belief (De Loof et al., 2014a ) I start favoring the idea that the ancestor of the Ecdysozoa did not lose the squalene synthase-coding gene, but that he never had it. Rather organisms that can synthesize cholesterol from squalene, namely some animals, may have acquired this property secondarily. Thus, evolutionarily farnesol may be older than cholesterol and therefore have a function(s) independent from cholesterol biosynthesis.
Farnesol: the direct precursor of insect juvenile hormone(s) (JHs)
The key non-peptidic hormones controlling insect development are the sesquiterpenoid juvenile hormone (JH) that depending upon the species occurs in several structurally closely related forms (Wikipedia: Juvenile hormone) and the steroids ecdysone/ 20-hydroxyecdysone (Fig. 3) . JH and As long as the titer of JH remains high in larvae, a larva will molt into another larval instar. When in holometabolous insects the JH titer drops to zero, metamorphosis is initiated. The course of events and the relationship JH-Ca 2+ -homeostasis-apoptosis has been outlined by De Loof et al. (2014a,b) . JH is also important in adults because of the prominent role it plays in control of reproduction in both females (vitellogenesis) and males (accessory gland functioning). The drastic changes in morphology and physiology between a larva and a pupa seem to be based upon changes in Ca 2+ -homeostasis. This illustrates the view that if differences between males and females boil down to differential Ca 2+ -homeostasis (this paper), this would not at all be an exceptional situation in nature. Quite some major changes in life cycles which are governed by neuropeptides have a Ca
2+
-component as well (Schoofs and Beets, 2013) .
In vertebrates, farnesol/FLS is not (known as) a hormone; it is probably an ''inbrome''
In search for compounds with juvenile hormone bioactivity, insect endocrinologists extracted tissues from non-insect animals as well. A variety of tissues, e.g. the liver and the kidney, contained bioactive material (Williams et al., 1959) . The chemical identity of the active factor turned out to be farnesol (Schmialek, 1961; Slama, 2013) . Later it was been discovered that in insects farnesol is the direct precursor of JH (Fig. 3) . This led to the assumption that the JH-bioactivity was coincidental, not worth being explored in more detail.
The recent (re)discovery that SERCAs seem to have a binding site for farnesol-like sesquiterpenoids (de Loof et al., 2014a) , and thus represent a third receptor type, located in internal membranes, shows that this activity is not at all coincidental. The fact that the plant toxin thapsigargin that is a sesquiterpenoid like farnesol and JH, blocks the SERCA pump in both vertebrates and insects shows that their SERCAs must resemble each other very much. This probably implies that there is no reason to assume that farnesol acts on the SERCA pump of vertebrates in another way than it does in insects. Therefore De Loof et al. (2014a,c) suggested that farnesol itself might very well be the primordial candidate for serving in vertebrates as the long sought for functional counterpart of juvenile hormone in insects, and as a (the) ''universal fountain of youth'' that acts through the evolutionarily ancient and extremely well conserved Ca 2+ -homeostasis system. But why has farnesol never been identified as the juvenilizing hormone of vertebrates? The reason is that farnesol does not need to be a hormone in vertebrates, because it can act from within any cell in which it is synthesized. Thus, It may act as a ''inbrome'' The term ''inbrome'' has been introduced by De Loof et al. (2014a) . It denotes lipophilic endogenous signaling substances that act in the membrane, in particular by controlling the activity of the ion pumps and channels present in the different membrane compartments of eukaryotic cells.
Farnesyl-PP is a direct precursor of both cholesterol and farnesol. In vertebrates probably all cells can biosynthesize cholesterol, although not in the same quantities. The liver and the gut are the major sites of synthesis of cholesterol and of release into the blood. Whether farnesyl-PP or farnesol itself are released into the blood is not known, probably because this has never been investigated or not reported because of no physiological relevance. This topic can now be addressed by the method of Rivera-Perez (2012) (Section 9.5). In all cells of the body, Ca 
How can farnesol, its precursors and metabolites be quantified?
Until recently, it was not easy/cheap to quantify farnesol in small biological samples. The quantification problem has now been solved. In 2012 Rivera-Perez et al. published an elegant method to quantify farnesol, its precursors and some derivatives by means of HPLC. The novelty is that fluorescent tags are used. The method is very sensitive. It detects femtomole concentrations. That enables doing measurements on e.g. only a few corpora allata, the very tiny glands that produce juvenile hormone in insects (Rivera-Perez et al., 2014) . This method was recently tried on Caenorhabditis elegans with excellent results (unpublished data). The first, unpublished recent results in the mouse also show that the method is suitable for the analysis of tissues of mammals. It is too premature to comment on these results. This method opens the way for a renewed interest in farnesol-like endogenous sesquiterpenoids in Ca 2+ -homeostasis, with ramifications into e.g. neurobiology and other disciplines.
10. What has farnesyl-PP to do with gender specificity of sex steroids?
Not much at first glance. However, the fact that females extrude much more Ca 2+ , along with secreted proteins from their body than males do indicates that sex steroids somehow make use of the Ca 2+ homeostasis system. The co-extrusion of Ca 2+ and proteins is achieved by the RER/Golgi systems. The only as yet known receptor on this system that responds to external ligands is the thapsigargin-sensitive one. As long as no other receptors are indentified, the question becomes: How specific is the binding site of FLS on the SERCAs? Does the sesquiterpenoid receptor on the SERCAs also respond to steroid hormone ligands? This is a most important question. The degree of promiscuity determines whether the Ca 2+ -pump system can be used as a regulator of Ca 2+ -dependent developmental processes in which the presence and concentration of lipophilic candidate competitors for the sesquiterpenoid binding site varies. For example, if sex steroid hormones can compete for the same binding site as farnesol, the possibility for realizing important events/changes in the life cycle governed by a change in a balanced bouquet of hormones and other controlling agents emerges. It is broadly known that a single hormone only sorts a typical effect if ''all conditions are right''. Yet, the theoretical concept explaining how a balanced mixture, a bouquet of influencing factors in the end sorts a given effect remains hidden. Farnesol/FLS may open a new way of thinking.
10.1. Arguments in favor of a promiscuous sesquiterpenoid receptor site on Ca
The first argument comes from the fact that in both vertebrates and in insects the plant toxin thapsigargin blocks (some isoforms of) the SERCA pump. This means that the SERCA pump acts as a receptor for an exogenous sesquiterpenoid that likely displaces the endogenous natural sesquiterpenoid, most probably farnesol/ FLS, from its natural binding site on the SERCA pump. Indeed, thapsigargin mimics the effects of absence of farnesol/JH bioactivity. Thus the SERCA pump receptor site is not so specific that it only allows the binding of a unique ligand, this in contrast to numerous GPCR-linked plasma membrane receptors which are usually very specific for a given ligand, as shown for numerous neuropeptide receptors.
The second argument comes from the multitude of bioactive Juvenile Hormone Analogs (JHAs). When tested in the Galleria bioassay that detects morphogenetic, gonadotropic and prothoracicotropic JH activity Schneiderman et al. (1965) found that there is no obvious structural relationship amongst a number of compounds with high juvenile hormone activity. In the next decades about 4200 additional biologically active JH-analogs have been synthesized (review Slama, 2013) . Many of them are not sesquiterpenoids. They differ very much in activity. The most active ones turned out to be synthetic peptides. They were much more active than farnesol, however only in pyrrhocorid insect species. Yet, their effects resembled more or less those of JH itself, be it that some are toxic. An obvious explanation is that at least some of these compounds activate the same receptor system as JH itself. It is practically excluded that so many structurally different compounds can bind to the transcription factor Methoprene resistant (Met) that nowadays is, in my opinion undeservedly, advanced as being the JH-receptor (Jindra et al., 2013) . Met does not harbor all necessary features for being a true receptor. A multifaceted membrane-based signaling system like the Ca 2+ -homeostasis system has much more potential for acting as a key receptor, but not the only one for JH analogs. Third, some synthetic benzodioxoles with non-mutagenic chemosterilant effect in insects overrule the effect of JH in the Galleria bioassay when concurrently applied with JH. Apparently these bioactive benzodioxoles displace JH from its binding site (Van Mellaert et al., 1983) . In combination these arguments favor the view that the membrane-based receptor system for endogenous farnesol-like sesquiterpenoids is not at all very specific but rather promiscuous.
The fourth argument, already cited before, is that some of the effects JH and JHAs are very fast and electrical in nature. This can only be explained by a membrane-based receptor system, not by a nuclear receptor. Jaffe and Woodruff (1979) found that in H. cecropia at least, the electrical effects are based upon (fast) Ca 2+ -fluxes/waves. Ca 2+ -waves involve release of Ca 2+ from the ER (CICR). In combination, these arguments support the view that the ER harbors a receptor system that has other properties than the better documented plasma membrane-and nuclear receptors. The major difference is that it seems to be a (very) promiscuous system. Exactly such a system makes it possible to take into account a balanced bouquet of competing ligands. Yet, in order to be truly relevant for the Calcigender paradigm, a crucial question needs to be answered. Do increasing concentrations of sex steroids e.g. at the onset of puberty compete with FLS for the same farnesol-like receptor system on the SERCAs, and by doing so, influence the Ca 2+ -homeostasis system? Unfortunately, few hard data can be found in the literature, simply because the idea that Ca 2+ -pumps can act as receptors for steroids was not advanced in the past.
Arguments against a promiscuous sesquiterpenoid receptor site on Ca
2+ -ATPase(s)
It is difficult to imagine how very structurally unrelated molecules, such as the numerous JHAs can nevertheless generate a similar physiological effect. Apparently they do activate the same receptor or sets of receptors. This is against our intuition. Indeed, receptors present in the plasma membrane, e.g. the numerous GPCRs of neuropeptides are seldom promiscuous. Only structurally related ligands can activate a given receptor. The same holds true for nuclear receptors for steroid and thyroid hormones. Steroid hormones belonging to different classes (i.e. estrogens, androgens; progestins, mineral corticoids, or glucocorticoids) are very similar in structure but nevertheless are responsible for distinct physiological processes. An analysis of the atomic structure of estrogenspecific proteins showed that steroid binding proteins share a common steroid-binding pocket architecture (Nahoum et al., 2003) .
I have no good explanation for this dilemma. Maybe, part of the solution resides in the fact that it is not so much the interaction of the ligand with a receptor itself, but a change in the lipid composition of the membrane in which the ligand diffuses that e.g. alters the fluidity of the membrane, causes (in)activation of some ion channels (Hardie, 2004) . One should also keep in mind that Ca 2+ travels as a wave through the cytoplasm (Jaffe, 1991 (Jaffe, , 1993 (Jaffe, , 2010 and that therefore it can cause effects at some distance (far away) from where the wave was initiated.
Do steroid hormones compete for the FLS-receptor(s) as well?
And for binding sites on Ca 2+ -channels?
Whether the insect sex steroids, the ecdysteroids (De Loof, 2006) compete with JH for the same receptor site is not known. In the 1960-70s, it was thought that ecdysteroids and JHs are one way or another, antagonists and that the major role of both is to direct specific protein synthesis. This idea lost ground after the discovery of different nuclear receptors for both. Furthermore, Stoppie et al. (1981) observed that 20E but not JH strongly stimulated the development of the RER in the fat body of adult male flesh flies. This result indicated that 20E not only induced specific protein synthesis, e.g. of vitellogenin in males flesh flies (Huybrechts and De Loof, 1977) , but that it also had an effect on the synthesis of membrane lipids.
The situation in vertebrates is also very poorly documented. As cited before (Section 8.2), it has been long known that vertebratetype steroid hormones exert part of their non-genomic functions through membrane receptors, most of them awaiting full characterization. Bhargava et al. (2000) reported a repressing effect of corticosterone on the expression of PMCA isoform 1. Testosterone treatment of lactating female mammals or birds reduces Ca 2+- extrusion. Thus a hormonal agent(s) acting through the Ca 2+ -homeostasis system is involved. Male mammals can to some extent be forced to produce small amounts of milk by treatment with estrogens and prolactin. It remains unclear which part of the Ca 2+ -homeostasis system is involved. Data with respect to Ca 2+ -channels, in particular the TRPV6 channel have been cited in Section 7.2.3.
10.4. The theoretical advantages of a promiscuous internal membranebased receptor system for small (non-peptidic) lipophilic ligands Stem cells not taken into account, sexual differentiation affects all cells of the body. It is neither due to absolute differences in the presence of estrogens and androgens in male and female vertebrates, nor to absolute differences in 20-OH ecdysone (20E) and ecdysone (E) in insects, but only to a different balance of both. Females have more estrogens and less androgens than males. In males the opposite situation prevails. The juvenile state is not due to absolute absence of sex steroids but to the absence of peak concentrations of these hormones. This raises the question how peak concentrations of steroid-and sesquiterpenoid hormones elicit other effects than low concentrations do? And, why does an injection of e.g. 20E early in a larval instar of an insect not induce a fast molt as it would do at the end of an instar?
My answer is that a particular hormone only exerts a specific function if the bouquet of other hormones is right (Fig. 4) . Such a system ensures that the total organismal-and cellular environment is taken into account, and that the organism does not engage in an untimely developmental process. But how can such a system operate? Fig. 4 lists two possible modes of action of a bouquet of hormones, mediated by a Ca 2+ -pump (PMCA or SERCA-pump (isoform)), leaving room for other explanations as well.
( 1 it has more advantages. In this case, the receptor site is not absolutely specific for any endogenous ligand. A variety of different ligands can bind to it, be it with differential affinity. The one with the highest combined affinity and concentration at a given moment has better chances to control the pumping activity of a given SERCA-isoform than another one with less affinity, in particular if it also occurs in lower concentrations. Thus in this scenario, it is the product of affinity and concentration of the various constituting ligands in a given bouquet of hormones that will determine which effect will be generated at a given time in a particular cell/tissue type.
Such a system is very dynamic; it is universal because all eukaryotic cells have Ca 2+ -ATPases that are structurally very similar; it enables cell/tissue specificity because of the possibility of multiple alleles and splice variants. This is reflected in gender-specific differences in the functioning of the nervous system, in behavior etc. It is continuously operational during all stages of development; it takes into account all possible ligands diffusing into and throughout the internal membranes, in particular the SER, RER, Golgi and nuclear envelope. It does not require ever additional receptors for any additional lipophilic hormonal ligand that appears on the scene. By diffusion in the plane of the membranes, which form a continuum in each cell, any lipophilic ligand gets everywhere in the cell, thereby facilitating the coordination of cellular activities. Furthermore, ionic compartmentalization of the nucleus (Fig. 2D1-D3 ) can play a role as an additional regulator of gene expression, in particular through Ca 2+ -dependent transcription factors. This has been already been shown to be the case in neurons of Carf exon 8 KO mice by Pfenning et al. (2010) . And last but not least, Ca 2+ gets the credit it deserves for being the evolutionary ancient key regulator of compartmentalization inside the cell (Fig. 2B) , with effects on control of a variety of membrane-bound enzymatic reactions. The diffusion of lipophilic ligands throughout the entire internal membrane continuum model as outlined in this paper corrects a major shortcoming of the Karlson's model of steroid hormone action (Karlson and Sekeris, 1966; Karlson, 1996) as it usually features in textbooks. In Karlson's model, a steroid hormone passes through the plasma membrane ''unnoticed''. In traverses the cytoplasm where it binds to a proteinaceous receptor. This complex enters the nucleus where it will act as a transcription factor (Fig. 2C-left side) . The major objection against Karlson's model is that a lipophilic steroid or a sesquiterpenoid will immediately start diffusing in the plane of the membrane (Fig. 2C-right side) and end up in the whole internal membrane system quite quickly. (PMCAs and SERCAs) have 10 transmembrane domains (Google pictures-ludwigneyses). Their structure is highly conserved in evolution and therefore structurally similar in plants, fungi and animals. In theory at least, any of these domains that faces the lipid environment of the bilayer in which the enzymes reside could act as a receptor for some type of ligand, on condition that there is some affinity. The occurrence of alleles and splice variants could generate variability. (B) We prefer another model, namely the promiscuous SERCA-pump receptor model. It has been logically deduced before (De Loof et al., 2014a ) that (some isoforms of) SERCAs of both vertebrates and insects have a receptor site for an endogenous sesquiterpenoid that is probably farnesol-like (FLS). That receptor site (Fig. 4B-D) is not perfectly selective for this type of endogenous ligand. It can probably also accommodate other types of ligands, depending on their affinity for the receptor site. Lipophilic compounds that can diffuse in the plane of the membrane(s) will willy-nilly compete with each other for such a binding site. When e.g. a peak concentration of a given steroid occurs in the body, this will likely result in a greater chance that such steroid will outcompete a ligand that is present in a lower concentration, in particular when its affinity for the receptor is also lower than that of the steroid. Ribosomes have been omitted from the drawing of the RER.
The promiscuous receptor system outlined here for Ca 2+-pumps is probably not applicable to Ca 2+ -channel gating. Here the evolutionary strategy seems to have been to create ever more channel types with differential gating mechanisms, e.g. the numerous TRP channel families.
For students, the system has a major disadvantage, namely its huge variability that means that there are as many ways as there are species to reach a similar result, namely that females extrude more Ca 2+ through their reproductive system than males do. Hence a detailed modus operandi of the system cannot be summarized in a few lines.
Remaining major challenges
It should be clear that the goal of this paper is to outline a novel way of thinking that allows uniting numerous loose pieces of information on reproduction and sex determination into a unifying conceptual framework. I am fully aware that the Calcigender paradigm needs much more experimental evidence before it can be fully embraced. Hopefully, the outlined ideas may incite researchers to apply novel methods to finally get a better grip on the identity and functioning of membrane receptor(s) for lipophilic ligands, undeniably the Achilles heel in contemporary endocrinology.
Relevant research topics for the future might be: How is alternative splicing of PMCAs and other proteins controlled? This list is far from exhaustive. In the more distant future, novel opportunities may arise from the Calcigender paradigm for neurobiological and ageing research.
Discussion
Some physiological processes seem to be so self-evident that nobody even asks: Why is it executed the way it is? Is how we describe and explain the process the only possible way? In this paper, I argue that exactly this lack of critical reflection made many biologists, myself included, overlook the possibility that female birds do not lay eggs with a calcareous egg shell to protect the egg, but to get rid of excess toxic calcium. Once this alternative had emerged, there was no other choice than to (reluctantly at first) reach the conclusion that the long sought-for principle on which physiological gender-specificity is universally based may in fact be a simple application of principles of Ca 2+ -homeostasis. Genetic differentiation by mutations comes first. This is one way or another translated into sex/gender-specific hormonal balances. In their turn these cause differential Ca 2+ -entry is some cell types of the body (if not all) in a gender-specific way. From the fact that females extrude much more Ca 2+ from their body than males do, in particular through their eggs which are invariably Ca
2+
-rich, it can be logically deduced that the female hormonal bouquet makes plasma membranes, in particular those of reproduction-related tissues more permeable to Ca 2+ (Fig. 5) .
The extra influx of Ca 2+ must be countered because in higher concentrations Ca 2+ is very toxic. Does this mean that the female body is somewhat more poisoned by Ca 2+ than the male one? Yes, but this is not necessarily a disadvantage. This is apparent from the fact that the average longevity of females is often longer than that of males, not only in humans. This is particularly prominent in queens of social insects as compared to drones and workers. Queens combine a very high fecundity with a long life. At first sight, this contradicts the view held by many ecologists that ''Reproduction is costly, in particular to females (De Loof, 2011) . My explanation is that queens probably have a much better system for extrusion of excess Ca 2+ than workers and males. It may not be a coincidence but a causal relationship that insect queens have high amounts of farnesol-like compounds, in particular JH. Differential Ca 2+ -homeostasis is probably causal to gender-and developmental specific shifts in behavior as well. By shifting the focus from genes to Ca 2+ -homeostasis, another long standing problem may get solved. In the course of evolution many different genetic mechanisms of sex determination came into being. This raised the question whether, perhaps female-male dimorphism was repeatedly ''invented'' in an at random way in evolution. This is not possible. A more logical explanation is that given the very high variability in the Ca
-homeostasis system, there should be many ways to realize a similar outcome.
Although it was known for years that thapsigargin is a sesquiterpenoid, nobody made the logical deduction that thapsigargin blocks the SERCA pump because this toxin can occupy a binding site on this Ca 2+ -pump that is normally ''reserved'' for an endoge- Fig. 5 . Cartoon representing the key idea advanced in this paper. As the result of differences in the balance of reproduction-related hormones, in particular of sex steroids, slightly more Ca 2+ enters cells of the female body than of the male one, in particular in reproduction-related tissues. Because Ca 2+ becomes toxic at increasing cytosolic concentrations, reproducing females need to extrude more Ca 2+ from their body than males have to do. This leads to the conclusion that due to genetic and hormonal differences, the female body is somewhat more poisoned (the darker green) that the male one. However, this situation is rather beneficial than disadvantageous, at least for some physiological aspects.
nous ligand. The analysis of the mode of action of absence of JH in initiating insect metamorphosis gave birth to the hypothesis that the natural endogenous sesquiterpenoid might be a farnesol-like compound (De Loof et al., 2014a) . All eukaryotes biosynthesize FLS. During the final preparation of this manuscript, we received the first results, obtained with the novel method of Rivera-Perez et al. (2012) that several tissues of a male mouse not only contain farnesol, but as well even more substantial amounts of farnesol derivatives (preliminary data, unpublished). This was not known before. Hitherto, it was thought that the only roles of farnesyl-PP were to serve as the precursor for cholesterol biosynthesis and in prenylation. This view has to be abandoned because nematodes and insects cannot synthesize cholesterol but nevertheless retained the ability to produce farnesol-like sesquiterpenoids (Kurzchalia and Ward, 2003; Bellés et al., 2005; Vinci et al., 2008) . I think that time has come to ask the question: Is perhaps, the synthesis of cholesterol in animals a late event in evolution, and was the biosynthetic pathway of FLS and steroids (as it continues to be present in plants, fungi and arthropods) the original one? If that is the case, arthropods and nematodes e.g. did not lose the ability to synthesize cholesterol, they never had it. If the Ca 2+ -homeostasis system acts a receptor system for a wide variety of ligands, two properties emerge. First, the combination of different alleles for the Ca
-ATPases (e.g. four in humans: Strehler and Zacharias, 2001 ) with differential splicing means that there is no such thing as one single Ca 2+ -ATPase with well defined properties. Also, the large number of possible Ca 2+ -channels and gating mechanisms (Orrenius et al., 2003; Gees et al., 2012 ) enables a huge tissue-and developmental variability. This means that each cell/tissue type has its own Ca 2+ -ATPase system. Second, the receptor site on the SERCA-pumps (and on some PMCA-isoforms as well?) for farnesol-like endogenous sesquiterpenoids may be a promiscuous one. This means that not only the affinity of the different ligands present in the lipid bilayer of the membrane matters, but their relative concentrations as well. Such system enables a cell to take into account a bouquet of hormones. However, it is hardly possible to characterize such a membrane receptor system by classical biochemical techniques. Furthermore, because deletion of genes coding for Ca 2+ -ATPases is lethal, molecular biological techniques are not very helpful either. Third, Ca 2+ is only one of the inorganic ions present in cells.
The theoretical possibilities of control of gene expression by inorganic ions in general have been outlined by De Loof (1986) who listed not less than eight levels of control. In conclusion: I hope this paper will incite other scientists, in particular the young generation, to give Ca 2+ -homeostasis a prominent role in their thinking on endocrinological and developmental problems. Nature is based on very simple principles. The problem is that these principles often allow a huge variability. It is this variability that makes the search for the unifying principles so challenging and, if one succeeds so rewarding.
